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(§) Holographic recording apparatus and holographic optical element 

(5?) A holographic recording apparatus includes 
first (11, 12, 13a, 113a) and second (11, 12, 13b, 
113b) light sources for respectively generating 
first and second light beams. A mask (15, 208) is 
located in front of a hologram recording ma- 
terial and has an aperture. Interference fringes 
are recorded in a hologram cell on the holog- 
ram recording material corresponding to the 
aperture. A movement mechanism (17-20, 209, 
217) supports the hologram recording material 
masked by the mask and relatively moves the 
hologram recording material with respect to the 
mask In predetermined directions so that an 
interference pattern is formed in an area on the 
hologram recording material.. A spatial fre- 
quency changing mechanism (16a, 16b) 
changes incident angles of. the first and second 
light beams with respect to the mask. 



FIG. I 
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BACKGROUND OF THE (NVENTIQN 

1 . Field of the Invention 

The present invention generally relates to a holo- 
graphic recording apparatus for recording interfer- 
ence fringes on a hologram recording material. 

2. Description of the Prior Art 

Recently, with the spread of laser beam printers, 
bar-code readers and the like, there has been a con- 
siderable demand for devices utilizing optical technol- 
ogy. Holographic optical elements are very attractive 
because they are suitable for mass production with 
low cost, and are capable of easily producing special 
aberration waves, as compared with optical lenses. 
A holographic optical element is a diffraction grating 
having a periodic structure formed on a hologram re- 
cording material. It is possible to make holographic 
optical elements have various optical characteristics 
by adjusting, for example, spatial frequencies, that is, 
by adjusting intervals between fringes. 

Two methods are known which produce holo- 
graphic optica] elements having fringe patterns on a 
hologram recording material. A first conventional pro- 
duction method utilizes interference of two or more 
light beams. The first method is called a hotographic 
exposure method . A second conventional production 
method uses an electron or laser beam exposure ap- 
paratus in which interference fringes are directly 
formed on a hologram recording material in accor- 
dance with phases calculated by a computer before- 
hand. The above second method is called a computer 
generated hologram method. 

The holographic exposure method is capable of 
producing a large-area hologram having a high spa- 
tial frequency in a short time. However, it is very dif- 
ficult to produce a holographic optical element having 
desired interference fringes. The computer generated 
hologram method is capable of forming desired fringe 
patterns, but is not capable of producing interference 
patterns having high spatial frequencies For exam- 
pie, the holographic exposure method is capable of 
producing an interference pattern having a spatial fre- 
quency of 1000-2000/mm, while the computer gener- 
ated hologram method has an ability to produce an in- 
terference pattern having a spatial frequency be- 
tween 100 and a few hundred per millimeter. In order 
to obtain an interference pattern having a high spatial 
frequency, it is necessary to scale down an interfer- 
ence pattern formed by the computer generated ho- 
logram method. Further, the computer generated ho- 
logram method cannot form a large hologram area, A 
maximum hologram area is equal to a few square mil- 
limeters. Furthermore, it takes a long time to draw in- 
terference patterns by the computer generated holo- 
gram method. 



SUMMARY OF THE INVENTION 

It Is a general object of the present invention to 
provide an apparatus for recording interference fring- 

5 es on a holographic optical element in which the 
above disadvantages are eliminated. 

A more specific object of the present invention is 
to provide a holographic recording apparatus in which 
desired interference patterns can be easily recorded 

10 in a short time. 

The above objects of the present invention are 
achieved by a holographic recording apparatus com- 
prising: first light source means for generating a first 
light beam; second light source means for generating 

15 a second light beam; a mask which is located in front 
of a hologram recording material and which has an 
aperture, interference fringes being recorded in a ho- 
logram cell on the hologram recording material corre- 
sponding to the appeature; movement means for sup- 

20 porting the hologram recording material masked by 
the mask and for relatively moving the hologram re- 
cording material with respect to the mask in predeter- 
mined directions so that an interference pattern is 
formed in an area on the hologram recording material; 

25 and spatial frequency changing means, coupled to 
the first and second light sources, for changing inci- 
dent angles of the first and second light beams with 
respect to the mask. 

The above-mentioned objects of the present in- 

30 ventton are also achieved by a holographic recording 
apparatus comprising: a light source; an optical sys- 
tem for generating a light beam from a light emitted 
from the light source; a mirror for reflecting a part of 
the light beam; a mask which is located in front of a 

35 hologram recording material and which has an aper- 
ture directly receiving the light beam from the optical 
system and receiving the part of the light beams re- 
flected by the mirror, interference fringes being re- 
corded In a hologram cell on the hologram recording 

40 material corresponding to the aperture; movement 
means for supporting the hologram recording materi- 
al masked by the mask and for relatively moving the 
hologram recording material with respect to the mask 
in predetermined directions so that an interference 

45 pattern is formed in an area on the hologram record- 
ing material; and spatial frequency changing means, 
coupled to the mirror, for changing a position of the 
mirror and for thereby changing incident angles of the 
first and second light beams with respect to the mask. 

so Yet another object of the present invention is to 
provide a holographic optical element produced by 
the above holographic recording apparatus. 

This object of the present invention is achieved 
by a holographic optical element comprising: a holo- 

55 gram recording member; and a plurality of cells 
formed on the hologram recording member, the cells 
respectively including interference fringes. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Other objects, features and advantages of the 
present invention will become apparent from the fol- 
lowing detailed description when read in conjunction 5 
with the accompanying drawings, in which: 

Fig. 1 is a diagram showing an overview of an ap- 
paratus for recording interference fringes on a ho- 
logram recording material according to a first em- 
bodiment of the present invention; 10 
Fig. 2 is a diagram showing an example of inter- 
ference fringes recorded by the apparatus shown 
in Fig. 1; 

Fig. 3 is a diagram showing the details of the ap- 
paratus shown in Fig. 1 ; 15 
Figs. 4A, 4B and 4C are diagrams showing exam- 
ples of interference fringes recorded by the appa- 
ratus shown in Fig. 3; 

Fig. 5 is a diagram showing a variation of the first 
embodiment of the present invention; 20 
Fig. 6 is a diagram showing an apparatus for re- 
cording interference fringes on a hologram re- 
cording material according to a third embodiment 
of the present invention; 

Figs.7A, 7B and 7C are diagrams for explaining 25 
advantages of the second embodiment of the 
present invention; 

Fig . 8 is a diagram showing an overview of the 
second embodiment of the present invention; 
Fig. 9 is a diagram showing a spatial frequency 30 
control according to the third embodiment of the 
present invention; 

Fig. 10 is a diagram showing the details of the 
third embodiment of the present invention; 
Figs. 1 1 A, 1 1B and 1 1 C are diagrams showing ex- 35 
ampies of spatial frequency distributions ob- 
tained by the third embodiment of the present in- 
vention; 

Fig. 12 is a diagram showing a variation of the 
third embodiment of the present invention; 40 
Figs. 13A, 13B and 13C are diagrams showing 
examples of spatial frequency distributions ob- 
tained by the variation shown in Fig. 12; 
Fig. 14 is a diagram showing a variation for 
changing the spatial frequency distribution; 45 
Fig. 1 5 is a diagram showing an apparatus for re- 
cording interference fringes on a hologram re- 
cording material according to a fourth embodi- 
ment of the present invention; 
Fig. 1 6 is a diagram showing an apparatus for re- so 
cording interference fringes on a hologram re- 
cording material according to a fifth embodiment 
of the present invention; 
Fig. 17 Is a diagram showing how a hologram re- 
cording material is divided into hologram cells; 55 
Fig. 1 8 is a diagram showing how each hologram 
cell is segmented into a plurality of sections; 
Fig. 1 9 is a diagram showing an example of a spa- 



tial frequency distribution obtained by the fifth 
embodiment of the present invention; 
Fig. 20 is a diagram of a deformable mirror device 
used In the fifth embodiment of the present in- 
vention; and 

Fig. 21 is a diagram showing an apparatus for re- 
cording interference fringes on a hologram re- 
cording material according to a sixth embodiment 
of the present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

A description will now be given of a first embodi- 
ment of the present invention. 

Fig. 1 shows an overview of an apparatus for re- 
cording interference fringes on a hologram recording 
material according to a first embodiment of the pres- 
ent invention. The apparatus shown in Fig. 1 is con- 
figured as follows. A coherent light source 1 1 , such as 
a semiconductor laser, emits a coherent light beam. 
Examples of the semiconductor laser are a He-Cd 
layer, an Ar laser and a semiconductor laser. A first 
optical system 12 comprises a beam splitter 12a, 
which splits the coherent beam from the light source 
11 into two beams. The two beams from the first opt- 
ical system 12 are received by two second optical sys- 
tems 13a and 13b. The second optical systems 13a 
and 13b function to collimate the respective beams 
and emit collimated beams. The second optical sys- 
tem 13a comprises a mirror 1 3a- 1 , a spatial filter 13a- 
2, and a collimating lens 13a-3. Similarly, the second 
optical system 13b comprises a mirror 13b-1, a spa- 
tial filter 1 3b-2, and a collimating lens 1 3b-3. The spa- 
tial filters 13a-2 and 13b-2, which are respectively 
made up of objective lenses and pin holes, function 
to convert the respective beams into spherical 
waves. That is, the spatial filters 13a-2 and 13b-2 re- 
spectively serve as point sources. The collimating 
lenses 13a-3 and 13b-3 function to convert the re- 
spective spherical waves into collimated light beams. 

A light blocking mask 15 has an aperture 15a and 
is placed above a hologram recording material 14. 
The mask 15 is supported on a movable table 19, 
which is linearly moved by a linear movement mech- 
anism 20. The movable table 19 is movably placed on 
a turn table 18, which table is turned by a turning 
mechanism 17. The linear movement mechanism 20 
can be made up of a bail screw and a motor, such as 
a stepping motor It is preferable that the iinear move- 
ment mechanism 20 has a function of moving the 
movement table 19 in two dimensions. It is possible 
to use another linear movement mechanism that 
moves the movement table 19 in directions perpen- 
dicular to the directions realized by the iinear move- 
ment mechanism 20. 

A spatial frequency change mechanism 16a 
changes the position of the second optical system 
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1 3a as shown by arrow A so that the spatial frequency 
of an interference pattern of a hologram cell defined 
by the aperture 1 5a can be changed. Similarly, a spa- 
tial frequency change mechanism 16b changes the 
position of the second optical system 13b as shown 5 
by arrow B so that the spatial frequency of the inter- 
ference pattern facing the aperture 15a can be 
changed. 

The spatial frequency, labeled f, of interference 
fringes formed atan incident position on the hologram 10 
recording material 14 can be expressed as follows: 

f = (sine, + sinOzJ/X (1) 
where 0i and 8 2 are respectively incident angles of 
the two parallel light beams incident to the hologram 
recording material 14, and X is the wavelength of the 15 
light beams. Hence, interference fringes shown in Fig. 
2 having the constant spatial frequency fare formed 
in an area on the hologram recording material 14 cor- 
responding to the aperture 15a. The spatial frequen- 
cy f can be changed by changing the position of either 20 
the second optical system 13a or 13b or both by the 
spatial frequency change mechanisms 16a and 16b, 
as indicated by the arrows A and B. in this manner, 
either the incident angle or 6 2 or both can be 
changed. 25 

The two fight beams are projected onto the holo- 
gram cell at the angles 0, and 0 2 , and superimposed 
with each other. Hence, uniform interference fringes 
having a constant spatial frequency f can be formed. 
As mentioned above, the spatial frequency f can be 30 
easily changed by adjusting the incident angles 
and/or 8 2 . The hologram recording material 14 is lin- 
early moved by the linear movement mechanism 20, 
so that continuous hologram cells having respective 
constant spatial frequencies can be easily formed on 35 
a large hologram area. In addition to the linear move- 
ment, it is possible to turn the hologram recording ma- 
terial 14 by means of the turning mechanism 17. 
Hence, hologram ceils having interference fringes ori- 
ented in different directions within 360° can be 40 
formed. 

Pig. 3 shows the details of the first embodiment 
of the present invention shown in Fig. 1. In Fig. 3, 
parts that are the same as parts shown in Fig. 1 are 
given the same reference numerals as previously, A 45 
shutter 21 and a ND filter 22 are provided between the 
light source 11 and the first optical system 12. The 
shutter 21 adjusts an exposure time. The ND filter 22 
adjusts the quantity of exposure. 

The first optical system 12 comprises, in addition so 
to the beam splitter 12a, a phase adjuster 12b, and 
two polarizers 12c and 12d. The phase adjuster 12b 
and the polarizer 1 2d are disposed between the beam 
splitter 12a and the second optical system 13b. The 
polarizer 12c is interposed between the beam splitter 55 
12a and the second optical system 13a. The phases 
of the interference fringes are based on the differ- 
ence between the two optical path lengths. The 



phase adjuster 12b adjusts the relative optical path 
length by adjusting the position of the phase adjuster 
12b. The phase adjuster 12b can be farmed with a 
prism or a Soleil-Babinet compensator. As Is well 
known, the Soleil-Babinet compensator has a screw 
for phase adjustment. The polarizers 12c and 12d are 
provided for compensating for degradation of coher- 
ency due to a variation in polarization of the laser 
beams. The polarizers 12c and 12d function to adjust 
polarization of the respective laser beams. Each of 
the polarizers 12c and 12d can be formed with a XJ2 
plate, an optical rotatory element, or a Farady rotator. 

As has been described, it is possible to form uni- 
form interference fringes in a hologram cell having 
the constant spatial frequency defined by the afore- 
mentioned expression (1), as shown in Fig. 4A The 
hologram cell is defined by the aperture 15a. When 
the movement of the hologram recording material and 
the projection of the two light beams are repeatedly 
carried out, .continuous hologram celts respectively 
having the spatial frequency can be formed. Further, 
by moving the hologram recording material 14 in a di- 
rection perpendicular to the above movement there- 
of, it is possible to form interference fringes on t he en- 
tire surface of the hologram recording material 14, as 
shown in Fig. 4B. 

As has been described previously, it is possible 
to arbitrarily determine the orientations of Interfer- 
ence fringes in hologram cells by turning the turn ta- 
ble 18 by means of the turning mechanism 1 7. By the 
combination of the linear movement and turning 
movement, it becomes possible to form interference 
fringes, as shown in Fig. 4C, There are formad vari- 
ous orientations of the interference fringes in the ho- 
logram cells. 

As has been described previously, it is possible 
to change the spatial frequency of interference fring- 
es in each hologram cell by adjusting the position of 
either the second optical system 13a or 13b or posi- 
tions of both the second optical systems 13a and 13b. 
Hence, either the incident angle 6, or B 2 or both are 
changed, and thereby the spatial frequency is 
changed. 

By respectively controlling the spatial frequency 
change mechanisms 16a and 16b, the turning mech- 
anism 17, and the linear movement mechanism 20, it 
is possible to form interference fringes having desired 
spatial frequencies and orientations in hologram cells 
on the hologram recording material 14. It is preferable 
to match the phases of the interference fringes in ad- 
jacent hologram cells. 

Fig. 5 shows an apparatus for recording interfer- 
ence fringes on a hologram recording material with a 
phase adjustment mechanism added thereto. In Fig. 
5, parts that are the same as parts shown in the pre- 
viously described figures are given the same refer- 
ence numerals as previously. An interference fringe 
monitor optical system 31 is provided as shown in Fig. 
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5. The optical monitor system 31 comprises an objec- 
tive iens 31a and a camera 31b. Te optical monitor 
system 31 may be formed with a microscope system. 
By observing bright and dark positions of the interfer- 
ence fringes by means of the optical monitor system 
31, the phase adjuster 12b is manually adjusted so 
that the phases of the interference fringes in the ad- 
jacent hologram cells match with each other. It is also 
possible to automatically adjust the phase adjuster 
12b by means of an encoder which generates a con- 
trol signal from a video signal generated by the video 
camera 31. It is also possible to control the linear 
movement mechanism 20 by the above control signal 
generated by the above encoder. 

It will be noted that if the spatial frequency of in- 
terference fringes is considerably greater than the 
size of the hologram cell (spatial frequency of a peri- 
odic cell array), it is possible to spatially separate de- 
sired signals from sampling noise during a reproduc- 
tion operation. 

in the aforementioned structures, the two light 
beams are coilimated by the second optical systems 
13a and 13b. Alternatively, it is possible to collimate 
the light beam from the source 11 and split it into two 
beams. 

A description will now be given, with reference to 
Fig. 6, of a second embodiment of the present inven- 
tion. In Fig. 6, parts that are the same as parts shown 
in the previously described figures are given the 
same reference numerals as previously. The appara- 
tus shown in Fig. 6 does not have the first optical sys- 
tem 12, the second optical system 1 3b, or the spatial 
frequency change mechanisms 16a and 16b. In lieu 
of these optical systems, a mirror 71 and a mirror 
movement mechanism 72 are employed. A part of the 
coilimated light beam emitted from the second optical 
system 13a (in which the mirror 13a-1 is not used) is 
reflected by the mirror 71 and projected onto the ho- 
logram recording material 14 via the aperture 15a. 
Hence, a hologram cell on the hologram recording 
material 14 directly receives the light beam from the 
second optical system 13a and receives the reflected 
light from the mirror 71 - Hence, the spatial frequency 
defined by the aforementioned expression (1) can be 
obtained. The mirror 71 is linearly moved by means 
of the mirror movement mechanism 72. The move- 
ment of the mirror 71 changes the optical path length 
from the mirror 71, and hence changes the phase of 
the beam. By respectively controlling the mirror 
movement mechanism 72, the turning mechanism 17 
and the linear movement mechanism 20, it is possible 
to form interference patterns as shown in Figs. 4A, 4B 
and 4C. It will be noted that the apparatus shown in 
Fig. 6 is simpler than that shown in Fig. 1 or Fig. 3. It 
is possible to use the spatial frequency change mech- 
anism 16b in the same manner as shown in Fig. 1. 

A description will now be given of a third embodi- 
ment of the present invention. In the first and second 



embodiments of the present invention, the spatial fre- 
quency in each hologram celt is fixed. If a hologram, 
in which the frequency continuously changes as 
shown in Fig. 7A t is produced by the f irst or second 
5 embodiment of the present invention, hologram cells 
S1, S2 and S3 respectively having f ixed spatial fre- 
quencies f V, f2' and f3' are formed as shown in Fig. 
7B. In this case, the spatial frequencies are discretely 
changed, as indicated by a solid line in Fig. 7C. How- 
to ever, it is desired that the spatial frequency continu- 
ously changes as indicated by a broken line in Fig. 7C. 
The third embodiment of the present invention is in- 
tended to form a hologram In which the spatial fre- 
quency continuously changes. 
is Fig. 8 shows an overview of the third embodi- . 

ment of the present invention. In Fig. 8, parts that are 
the same as parts shown in the previously described 
figures are given the same reference numerals as 
previously. The third embodiment of the present in- 
20 vent ion comprises two second optical systems 113a 
and 1 1 3b in lieu of the aforementioned second optical 
systems 13a and 13b. The optical system 113a com- 
prises the mirror 13a-1 and the spatial filter 13a-2. 
That is. the optical system 113a does not have the 
25 collimating lens 13a-3 shown in Fig. 1. The optical 
system 1 13b comprises the mirror 13b-1 and the spa- 
tial filter 13b-2 . That is, the optical system 113b does 
not have the collimating lens 13b-3 shown in Fig. 1 
It can be seen from the above that the optical sys- 
30 terns 113a and 113b respectively emit the spherical 
waves. In this regard, the optical systems 113a and 
113b respectively serve as point sources L1 and L2, 
as shown in Fig. 9. 

As shown in Figs. 8 and 9, a spatial frequency f 
35 obtained at point P is expressed as follows: 

f = (slnB, + smd^f\ (2) 
where 6 1 and 6 2 are respectively incident angles of 
the two light beams incident to the hologram record- 
ing material 14 at point P, and k is the wavelength of 
40 the light beams. A spatial frequency f obtained at 
point Q is expressed as follows: 

r = (sine/ + s\nQ z ')/\ (3) 
where 6,' and 8 2 ' are respectively incident angles of 
the two light beams incident to the hologram re cord- 
is ing material 14 at point Q. The incident angle of the 
laser beam from the light source L1 gradually increas- 
es from point P to point Q. The incident angle of the 
laser beam from the light source L2 gradually de- 
creases from point P to point Q. Hence, the spatial fre- 
so quency of interference fringes in a hologram cell de- 
fined by the aperture 1 5a gradually changes between 
the spatial frequencies f and f - 

The spatial frequency distributions are defined by 
the above expressions (2) and (3), and can be 
55 changed by changing the incident angle of either the 
light beam from the source L1 or the light beam from 
the light source L2 or both. The apparatus shown in 
Fig. 8 comprises the spatial frequency change mech- 
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anism 16a in the same manner as shown in Fig. 1. It 
is also possible for the spatial frequency change 
mechanism 16a to move the optical system 113a in 
axial directions thereof, as indicated by arrow C in 
Fig. 6, It is possible to control the position of the sec- 5 
ond optical system 113b by means of a spatial fre- 
quency change mechanism. It is also possible to con- 
trol the positions of the optical systems 113a and 
113b. 

Fig. 1 0 shows the details of the third embodiment 10 
of the present invention shown in Fig. 8. In Fig. 10, 
parts that ere the same as parts shown in Fig 8 are 
given the same reference numerals as previously. As 
in the case of the configuration shown in Fig. 3, the 
apparatus shown in Fig. 1 0 comprises the shutter 21 . is 
the ND filter 22, the phase adjuster 12b t and two po- 
larizers 12c and 12d These structural parts function 
in the same manner as has been described previous- 
ly. It is preferable that an interference fringe monitor- 
ing system be used as in the case shown in Fig. 5. 20 

Fig. 11A shows a spatial frequency distribution 
(interference fringes) obtained when the point sourc- 
es L1 and L2 are located at positions P1 and P2, as 
shown in Fig. 9. Fig. 11B shows a spatial frequency 
distribution obtained when the point source 12 is 25 
moved to a position P2\ When the point source L1 is 
moved to a position P1' f a pattern symmetrical to the 
pattern shown In Fig. 11 Bis obtained. Fig. 11C shows 
a spatial frequency distribution in a plurality of contin- 
uous hologram cells in which the spatial frequency 30 
gradually changes so that it decreases from the left- 
hand side to the right-hand side. In this case, the spa- 
tial frequency change mechanism 16a, the turning 
mechanism 17 and the linear movement mechanism 
20 are respectively controlled. During this process, it 35 
is preferable that the phases of interference fringes 
in adjacent hologram ceils are continuous. For this 
purpose, an optical monitor system as shown in Fig, 
5 is used. 

It is possible to change the spatial frequency dis- 40 
tribution by means of a structure shown In Fig. 12, A 
mask movement mechanism 51 moves the position of 
the mask 15. When the position of the aperture 15a 
of the mask 15 is moved in directions indicated by an 
arrow shown in Fig. 12 t the incident angles of the light 45 
beams from the light sources L1 and L2 are changed 
as follows: 

0i, e 2 -» ei'. e 2 ' -» e,", e 2 ". 

Hence, the spatial frequency in the hologram cell can 

be changed In accordance with the expression (2). so 

Fig. 13A shows a spatial frequency distribution in 
a hologram ceil obtained when the aperture 15a is lo- 
cated at position A. Fig. 13B shows a spatial frequen- 
cy distribution in a hologram cell obtained when the 
aperture 15a is located at position B. Fig. 13C shows 55 
a spatial frequency distribution in a hologram cell ob- 
tained when the aperture 1 5a is located at position C. 
When the aperture 1 5a is located with a position sym- 



metrical to the position A, a spatial frequency distrib- 
ution symmetrical to that shown in Fig. 13A is ob- 
tained. 

Fig. 14 shows another structure for changing the 
spatial frequency distribution. Optical elements 61 
and 62 are provided, as shown in Fig. 14. More par- 
ticularly, the optical element 61 is placed between 
the light source L1 and the mask 15, and the optical 
element 62 is piaced between the light source 12 and 
the mask 15. Each of the optical elements 61 and 62 
is formed with, for example, a lens, a prism, or a dif- 
fraction grating. By changing the optical characteris- 
tics of the optical elements 61 and 62 and/or changing 
the positions thereof, it is possible to change the in- 
cident angles of the spherical waves. For example, 
lenses having different focusing distances are selec- 
tively used. Prisms having different apex angles are 
used.. Diffraction gratings having different spatial fre- 
quencies are used. 

It will be noted that when the distance between 
the optical systems 1 1 3a and 1 1 3b and the hologram 
recording material 14 is sufficiently large with respect 
to the size of the hologram cell, the third embodiment 
of the present invention is capable of recording inter- 
ference fringes having a substantially constant spatial 
frequency in each hologram cell as in the case of the 
first and second embodiments of the present inven- 
tion. 

A description will now be given, with reference to 
Fig. 15, of a fourth embodiment of the present inven- 
tion. In Fig. 15, parts that are the same as parts 
shown in the previously described figures are given 
the same reference numerals as previously. The 
fourth embodiment of the present invention can be 
configured by modifying the third embodiment of the 
present invention in the same manner as in the case 
of the second embodiment of the present invention 
shown in Fig. 6. That is, the optical system 113a, 
which does not include the mirror 13a-1, is used, and 
the optical system 1 1 3b is not used. The mirror 7 1 and 
the mirror movement mechanism 72 shown in Fig. 6 
are used in the same manner as previously. By con- 
trolling the position of the mirror 71, It is possible to 
change the spatial frequency distribution. 

A description will now be given, with reference to 
Fig. 16, of a fifth embodiment of the present inven- 
tion. The fifth embodiment uses a spherical wave 
emitted from a point source, and an aspherlca! wave 
which has been phase-modulated generated by, for 
example, a deformable mirror device. With this struc- 
ture, it becomes possible to record complex asph eri- 
ca! waves with high precision. 

Referring to Fig. 16, an apparatus for recording 
interference fringes on a hologram recording material 
comprises the following structural parts. A beam split- 
ter 211 splits a fight beam emitted from a light source 
210, such as a semiconductor laser, into two beams. 
One of the beams is reflected by a mirror 212, and the 
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other beam is reflected by a mirror 2 14. A lens 213 re- 
ceives the beam reflected by the mirror 212 and con- 
verts it into a spherical wave 203. A pin hole plate 206 
functions to adjust the position of a point source 205. 
A beam expander 21 5 expands the beam reflected by 5 
the mirror 214. The expanded beam is applied to a 
half-mirror 216. A deformable mirror device 207 re- 
ceives the beam reflected by the haJf-mirror 216 and 
reflects it. The deformable mirror device includes fine 
mirrors arranged so that a matrix of fine mirrors is 10 
formed. The heights of the fine mirrors can be adjust- 
ed by piezoelectric elements. Light components re- 
spectively projected onto the fine mirrors are modu- 
lated based on the heights of the fine mirrors. In this 
manner, an aspherical wave is generated and passes 15 
through the half-mirror 216. Reference number 204 
indicates the above aspherical wave. 

A hologram recording material 201 is placed on a 
stage 209. A light blocking mask 208 having an aper- 
ture is located above the hologram recording material 20 
201. A control device 217 includes an actuator, which 
moves the stage 209 in X and Y directions where the 
origin of the (X, Y) coordinates is located at the center 
of the mask B, The X axis extends from the front sur- 
face of the sheet to the back surface thereof via the 25 
origin. The Y axis extends from the origin to the left- 
hand side of the sheet A mechanism for moving the 
stage 209 can be formed with a conventional mech- 
anism. The stage 209 is moved so that a hologram 
ceil 202 faces the aperture in the mask 208. The con- 30 
trol device 217 also generates control signals, which 
signals are applied to piezoelectric elements of the 
deformable mirror device 207. The control signals 
function to adjust the heights of the fine mirrors of the 
deformable mirror device 207. The pin hole plate 206 35 
Is moved in directions A1 and A2 by means of a pin 
hole plate driving device 216. The directions A1 and 
A2 correspond to an optical axis of the spherical wave 
203. The control device 217 generates a control sig- 
nal for controlling the pin hole plate driving device 40 
218- 

A mechanism in which a hologram (interference 
fringes) is generated will now be described. It will now 
be assumed that the wave surface of a hologram to 
be generated has a phase 0{X, Y) . The phase 0(X, Y) 45 
of the wave surface of the hologram is approximately 
determined by using the phase of the spherical wave 
203. In order to realize the above approximation, the 
recording surface of the hologram recording material 
20 1 is grouped into hologram cells 202 dependent on so 
the size of the aperture in the mask 208, and holo- 
grams are sequentially generated for the respective 
hologram cells 202. 

Fig. 17 shows hologram cells 202 arranged in 
rows and columns. The aforementioned first to fourth 55 
embodiments of the present invention also use holo- 
gram cells arranged in rows and columns, as shown 
in Fig, 17. In Fig. 17 r 64 hologram cells (8 x 8) 202 are 



defined on the hologram recording material 201. 
Each of the hologram cells 202 has a substantially 
square shape, and the length of each cell is equal to, 
for example, 100 pirn. Of course, the number of holo- 
gram cells depends on the size of the hologram re- 
cording material 201. 

The stage 209 is moved under control of the con- 
trol device 217 so that the hologram cell 202, in which 
a hologram Is to be generated, faces the aperture of 
the mask 208. It will now be assumed that the above 
hologram cell 202 is the nth hologram cell 202. 

Fig. 18 shows the nth hologram cell 202. The 
center of the hologram cell 202 Is located at the origin 
of the (X, Y) coordinates. As shown in Fig. 18, the ho- 
logram cell 202 is divided into 32 sections. These sec- 
tions in the hologram cell 202 correspond to the fine 
mirrors of the deformable mirror device 207 arranged 
in rows and columns, as will be described later in de- 
tail. That is, each of the 32 sections is a unit section 
of the phase modulation carried out for the light beam 
reflected by the mirror 2 14. Fig. 19 shows an example 
of Interference fringes 231 of a hologram recorded In 
the hologram cell 202, 

Next, the position of the point source 205 is de- 
termined so that there is a minimum difference be- 
tween the phase of the wave surface of a hologram 
to be recorded and the phase of the spherical wave 
203. It will now be assumed that the phase of the 
wave surface of the hologram to be recorded is de- 
noted as 0 n (X, Y), and the phase of the wave surface 
of the spherical wave 203, to which the phase of the 
wave surface of the hologram to be recorded is ap- 
proximated, is denoted as 0R n (X, Y). When the posi- 
tion of the point source 205 with respect to the nth ho- 
logram cell 202 is expressed using Fn and Hn shown 
In Fig. 16, the pha se 0r"(X, Y) Is written as f ollows: 

0a«(X, Y) = KV(Fn* + X* + (Hn " Y) 2 ) (4). 
It is necessary to minimize the difference between 
the phase 0"(X, Y) of the wave surface of the holo- 
gram to be recorded and the phase 0r°(X, Y) of the 
wave surface of the spherical wave 203. With the 
above in mind, the distances Fn and Hn are calculat- 
ed so that the means square E of the difference be- 
tween the phase 0"(X, Y) and the phase 0r"(X, Y) is 
minimized as follows: 

E = W(0"(X, Y) - 0 R «(X, Y)=kJXdY (5). 
It will now be assumed that the values of Fn and Hn 
that minimize the mean square E are written as Fnm 
and Hnm, respectively. The distances Fnm and Fnm 
are set by moving the pin hole plate 206 by the pin 
hole plate driving circuit 21 8 under control of the con- 
trol device 21 7. In this manner, the position of the light 
source 205 with respect to the nth hologram cell 202 
is determined. The movement of the pin hole plate 
206 can be rapidly carried out 

Then, the heights of the fine mirrors of the de- 
formable mirror device 207 are adjusted so that there 
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is no difference between the hologram to be recorded 
and the actually recorded hologram in each of the 32 
sections shown in Fig. 18. 

Fig, 20 shows the deformable mirror device 207. 
Fig. 20-(A) is a side view of the deformable mirror de- 5 
vice 207 and Fig, 20-(B) Is a bottom view thereof. The 
deformable mirror device 207 has fine mirrors ar- 
ranged in rows and columns with a pitch of approxi- 
mately 5 urn. The heights of the fine mirrors can be 
separately adjusted by the respective piezoelectric 10 
elements. Referring to Frg.20, the identification num- 
bers of respective mirrors are defined as follows. An 
identification number p indicates the position of each 
mirror in the X direction, and an identification number 
q indicates the position of each mirror in the Y direc- 15 
tion. In Fig . 20, the identification number p assumes 
a number between 0 and 10, and the identification 
number q assumes a number between 0 and 10. A 
mirror identified by the identification numbers p and 
q is referred to as a mirror (p, q). 20 

The hologram cell is divided Into 32 sections, as 
has been described previously with reference to Fig. 
18. Each of the 32 sections can be identified by the 
above-mentioned parameters p and q. That is, the 
identification numbers p and q identifies sections in 25 
the X and Y directions, respectively. The coordinates 
of each section identified by (p, q) is written as {Xp, 
Yq). 

When the difference between the phase ©"{X, Y) 
and the phase 0R"(X, Y), that is, an aspherical wave 30 
component of a hologram to be recorded, is written as 
0 A n (X, Y), the following expression can be obtained: 

0A fl <X, Y) = - <0"(X, Y) - 0 R "(X, Y) (6), 
Thus, in (Xp, Yq), the following expression stands: 

0A ft (Xp, Yq) = - (0«(Xp f Yq) - ^"(Xp, Yq) (7). 35 
The right-hand side of the expression (7) shows the 
phase difference between the wave surface of the 
hologram to be recorded and the wave surface of the 
spherical wave 203. The phase difference thus ob- 
tained is converted into a phase difference for each 40 
mirror (p, q), and the height of each mirror (p, q) is ad- 
justed based on the phase difference. 

The control device 217 applies voltages based on 
the respective phase differences to the piezoelectric 
elements respectively coupled to the mirrors of the 45 
deformable mirror device 207. This height setting op- 
eration can be rapidly performed. 

It Is preferable that the phase difference between 
the wave surface of the hologram to be recorded and 
the wave surface of the spherical wave 203 be calcu- so 
lated using the following expression (8). The phase 
difference between the wave surface of a hologram 
to be recorded and the wave surface of the spherical 
wave 203, that is, the aspherical wave component 
B A n (X, Y) of the hologram to be recorded, is written in ss 
progression form as follows: 

0A n (X, Y) = KZC, ♦ f X>*Yi (8). 
From the expressions (6) and (8), the following ex- 



pression (9) stands: 

- (0"(X. Y) - 0r"(X, Y)) 
= KZCj + fX'YJ (9). 
A coefficient C KJ n of the progression can be obtained 
by means of an appropriate approximation. By obtain- 
ing the coefficient C^ n , it is possible to obtain, from 
the expression (8), the phase difference between the 
wave surface of a hologram to be recorded and the 
wave surface of the spherical wave 203, that is, the 
aspherical wave component o A n (X f Y) of the hologram 
to be recorded. Hence, by substituting (Xp, Yq) into 
the expression (8), it becomes possible to obtain the 
phase difference between the wave surface of a ho- 
logram to be recorded and the wave surface of the 
spherical wave 203, that is, the aspherical wave com- 
ponent 0a°(X, Y) of the hologram to be recorded 

in the above-mentioned manner, the position of 
the point source 205 and the heights of the fine mir- 
rors of the deformable mirror device 207 can be de- 
termined, and the phase difference between the 
spherical wave 203 and the aspherical wave 204 can 
be defined, in this state, the light beam is emitted 
from the light source 210, and a hologram Is recorded 
in the nth hologram cell. According to the fifth em- 
bodiment of the present invention, it is possible to 
form complex holograms recorded by aspherical 
waves with high precision and high speed. 

A description will now be given, with reference to 
Fig. 21, of a sixth embodiment of the present inven- 
tion. In Fig. 21, parts that are the same as parts 
shown in Fig. 16 are given the same reference numer- 
als as previously. In the sixth embodiment shown in 
Fig. 21, a telescope system 211 is disposed between 
the deformable mirror device 207 and the hologram 
recording material 201. When the distance L1 be- 
tween the deformable mirror device 207 and a optical 
system 222 in the telescope 211 is set equal to the 
distance 12 between the hologram recording material 
201 and the optical system 222, the telescope (mag- 
nification 1:1) makes the phase of the aspherical 
wave 204 in the hologram cell 202 match the phase 
of the aspherical wave 204 at the mirrors of the de- 
formable mirror device 207. Hence, it is easy to con- 
vert the phase in each section (p, q) in the hologram 
cell 202 into the height of each mirror (p, q). In Fig. 
21 , a reference numeral 223 indicates another optical 
system In the telescope system 221, and a reference 
numeral 224 indicates a mirror. 

The use of the telescope system 221 provides an- 
other advantage. If there is a difference between the 
size of the deformable mirror device 207 and the ho- 
logram cell 202, the telescope system 221 provides 
a magnification that compensates for the above size 
difference, For example, if the size of the hologram 
cell 202 is larger than that of the deformable mirror 
device 207, the telescope system 221 is adjusted so 
that it has a magnification smaller than 1, 

The present invention is not limited to the specif- 
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ically disclosed embodiments, and variations and 
modifications may be made without departing from 
the scope of the present invention. 

Claims 

1. A holographic recording apparatus characterized 
by comprising: 

first light source means (11 P 12. 13a, 113a) 
for generating a first light beam; 

second light source means (11, 12, 13b, 
113b) for generating a second light beam; 

a mask (15, 206) which is located in front 
of a hologram recording material and which has 
an aperture, interference fringes being recorded 
in a hologram cell on the hologram recording ma- 
terial corresponding to said aperture; 

movement means (17-20, 209, 217) for 
supporting the hologram recording material 
masked by said mask and for relatively moving 
the hologram recording material with respect to 
the mask in predetermined directions so that an 
interference pattern is formed in an area on the 
hologram recording material; and 

spatial frequency changing means (16a, 
16b, 217, 218), coupled to said first and second 
light sources, for changing incident angles of the 
first and second light beams with respect to the 
mask. 

2. A holographic recording apparatus as claimed in 
claim 1 , characterized in that 

said first light source means comprises 
first coll (mating means (13a) for generating a first 
coilimated light beam which corresponds to said 
first light beam; and 

said second light source means comprises 
second collimating means (13b) for generating a 
second coilimated light beam which corresponds 
to said second light beam. 



first light beam; and 

said second light source means comprises 
second means (210, 211. 214, 215, 216, 207) for 
generating an aspherical wave which cor re- 
5 s ponds to said second light beam. 

5. A holographic recording apparatus as claimed in 
claim 1, characterized in that said spatial fre- 
quency changing means comprises: 
10 first means (16a, 217, 218) for changing a 

position of said first light source means; and 

second means (16b, 217) for changing a 
position of said second light source means. 

15 6. A holographic recording apparatus as claimed in 
claim 1, characterized by further comprising 
phase adjustment means (12b) for changing a 
phase of either the first fight beam or the second 
light beam. 

20 

7. A holographic recording apparatus as claimed in 
claim 1, characterized by further comprising 
mask moving means (51 ) for linearly moving said 
mask so that interference patterns are recorded 

25 in hologram cells on the hologram recording ma- 

terial 

8. A holographic recording apparatus as claimed in 
claim 6, characterized by further comprising 

30 monitor means (31) for monitoring the interfer- 

ence fringes, 

wherein the phase adjustment means 
changes the phase of either the first tight beam 
on the basis of the interference fringes monitored 

35 by said monitor means.. 

9. A holographic recording apparatus as claimed in 
claim 1 , characterized by further comprising po- 
larization rotating elements (12c, 12d) that re- 

40 spectiveiy rotate polarizations of said first and 

second light beams. 



3. A holographic recording apparatus as claimed in 
claim 1 , characterized in that: 

said first light source means comprises 45 
first means (1 13a) for generating a first spherical 
wave which corresponds to said first light beam; 
and 

said second light source means comprises 
second means (113b) for generating a second so 
spherical wave which corresponds to said sec- 
ond light beam. 

4. A holographic recording apparatus as claimed in 
claim 1 , characterized in that: 55 

said first light source means comprises 
first means (210, 211 212, 213, 206) for generat- 
ing a spherical wave which corresponds to said 



10. A holographic recording apparatus as claimed in 
claim 1, characterized in that said movement 
means comprises turning means (1 7) for rotating 
said hologram recording material 

11. A holographic recording apparatus as claimed in 
claim 1, characterized in that said spatial fre- 
quency changing means comprises: 

a first optical element (61) disposed be- 
tween said first light source means and said ho- 
logram recording material; and 

a second optical element (62) disposed 
between said second light source means and 
said hologram recording material. 

12. A holographic recording apparatus as claimed in 
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claim 4, characterized in that said second means 
of said second light source means comprises: 
a light source (210) emitting a light; and 
a deformable mirror device (207) for 
phase-modulating the light emitted from the light 
source in a hologram cell unit, a phase- 
modulated light from said deformable mirror de- 
vice corresponding to said aspherica) wave. 

13. A holographic recording apparatus as claimed in 
claim 12, characterized in that said second 
means of said second light source comprises a 
telescope system (221) disposed between said 
deformable mirror device and said hologram re- 
cording material. 

14. A holographic recording apparatus as claimed in 
claim 4, characterized by further comprising pos- 
ition adjustment means (217, 218), coupled to 
said first light source means, for changing a pos- 
ition of said first light source means so that a mini- 
mum phase difference between the spherical 
wave and an interference pattern formed by the 
interference fringes can be obtained. 

15. A holographic recording apparatus characterized 
* by comprising: 

a light source (11); 

an optical system (13a, 11 3a) for generat- 
ing a light beam from a light emitted from said light 
source; 

a mirror (71) for reflecting a part of said 
light beam; 

a mask (15) which is located in front of a 
hologram recording material and which has an 
aperture directly receiving the light beam from 
the optical system and receiving said part of the 
light beams reflected by said mirror, interference 
fringes being recorded in a hologram ceil on the 
hologram recording material corresponding to 
said aperture; 

movement means (17-20) for supporting 
the hologram recording material masked by said 
mask and for relatively moving the hologram re- 
cording material with respect to the mask In pre- 
determined directions so that an interference 
pattern is formed in an area on the hologram re- 
cording material; and 

spatial frequency changing means (72), 
coupled to said mirror, for changing a position of 
said mirror and for thereby changing incident an- 
gles of the first and second light beams with re- 
spect to the mask. 



beam, 

17. A holographic recording apparatus as claimed in 
claim 15, characterized in that said optical sys- 

5 tern comprises means (113a) for converting the 

light from said light source into a spherical wave. 

18. A holographic recording apparatus as claimed in 
claim 15, characterized by further comprising 

10 mask moving means (51) for linearly moving said 

mask. 

19. A holographic recording apparatus as claimed in 
claim 15, characterized in that said movement 

15 means comprises turning means (17) for turning 

said holographic recording material. 

20. A holographic optical element comprising a holo- 
gram recording member (14, 201), 

20 characterized in that said holographic opt- 

ical element comprises a plurality of cells formed 
on the hologram recording member, said cells re- 
spectively Including Interference fringes. 

25 21. A holographic optical element as claimed in claim 
20, characterized in that said cells respectively 
include interference fringes having respective 
spatial frequencies, 

30 22. A holographic optical element as claimed in claim 
20, characterized in that said cells respectively 
include interference fringes oriented in respec- 
tive directions. 

35 23. A holographic optical element as claimed in claim 
20, characterized in that said cells respectively 
include interference fringes oriented in an identi- 
cal direction. 

40 24. A holographic optical element as claimed in claim 
20, characterized in that said cells respectively 
include interference fringes, and a spatial fre- 
quency of each of the interference fringes grad- 
ually varies, 

45 



so 



16. A holographic recording apparatus as claimed in 55 
claim 15, characterized in that said optical sys- 
tem comprises means (13a) for converting the 
light from the light source into a coliimated light 
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